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Non-nucleoside reverse transcriptase inhibitors (NNRTIs) have 
always been an important part of the anti-HIV-1 combination 
therapy known as combination antiretroviral therapy (cART) 
since 1996. The use of NNRTIs for about 22 years has led to 
some mutations in the residues that compose the reverse tran- 
scriptase active site, resulting in the emergence of drug-resist- 


1. Introduction 


Because of the lack of an effective vaccine, acquired immuno- 
deficiency syndrome (AIDS) caused by the human immunodefi- 
ciency virus (HIV) is still a major health threat in the world. Ac- 
cording to the statistics provided by the Joint United Nations 
Programmes on HIV/AIDS, by the year 2016 about 36.7 million 
people have been infected with the HIV, of whom 1.8 million 
were infected in 2016. Moreover, 1 million people have died 
because of AIDS in the same year." The US Food and Drug Ad- 
ministration (FDA) has approved more than 25 drugs for HIV 
infection treatment, including disruptors of fusion and entry 
processes as well as inhibitors of reverse transcriptase (RT), in- 
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viral therapy (cART), in which two or more drugs from one or 
more classes are used in one tablet, has become an inevitable 
means to control this deadly infection." This therapeutic regi- 
men cannot cure AIDS, but decreased the viral load remarka- 
bly, which leads to a decline in death cases. However, the ap- 
plication of cART protocol is partly limited because of side ef- 
fects and emerging drug-resistant viruses.” 

RT inhibitors are the key components of the cART regimen.” 
There are two types of RT inhibitors: nucleoside reverse tran- 


decades that lack. the 3’-hydroxy group and compete with 
natural nucleosides for e Sie into viral DNA and cause 


[a] P. Shirvani, Prof. A. Fassihi, Prof. L. Saghaie 
Department of Medicinal Chemistry, Faculty of Pharmacy and Pharmaceuti- 
cal Science, Isfahan University of Medical Science, Hezar Jerib Avenue, 
81746-73461 Isfahan (lran) 
E-mail: fassihi@pharm.mui.ac.ir 

© The ORCID identification number(s) for the author(s) of this article can 
be found under: 
https://doi.org/10.1002/cmdc.201800577. 


ChemMedChem 2019, 14, 52-77 


Wiley Online Library 52 


and Lotfollah Saghaie™! 


ant viruses. Thus, the search for new potent NNRTIs with an 
improved safety profile and activity against drug-resistant HIV 
strains is indispensable, and many hit and lead NNRTIs have 
been discovered in the last decade. This review provides an 
overview of the development in this field from 2013 to August 
2018. 


[ r ii P) Thus, NNRTIs exert t fhéir inhibi- 
tory activity in a noncompetitive: mamn B Send ads con- 


To date, about 55 types of chemical entities have been iden- 
tified and developed as NNRTIs.? Six of them, that is, nevira- 
pine, delavirdine, efavirenz, etravirine, rilpivirine, and doravir- 
ine, have been approved by the FDA as clinical drugs for the 
treatment of HIV-1 infection.” The chemical structures of these 


compounds are shown in Figure 1. However, because of the 
lack of intrinsic exonucleolytic proofreading and rapid muta- 
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Figure 1. Structures of non-nucleoside reverse transcriptase inhibitors ap- 
proved by the US Food and Drug Administration. 
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tion of HIV-1 RT, the efficacy of the first generation (nevirapine, 
delavirdine, and efavirenz) has been dramatically decreased. 


[10] 
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There are several articles in the literature that have reviewed 
the development, structural modification, and structure-activi- 
ty relationship (SAR) analysis of only a specific group of 
NNRTIs, such as diarylpyrimidines (DAPYs),'? dihydroalkoxy- 
benzyloxo-pyrimidines/"? 2,3-diaryl-1,3-thiazolidin-4-one deriv- 
atives, and diaryl ether family"? In addition, there are review 
articles that have presented the progress of the discovery and 
development of new NNRTI platforms up to 2013.8"! Hi 


'ed en 3 and Ai 2C |. Also, evolu- 
tion of different glasses of NNRTIs bi modification of the avail- 
able NNRTI scaffolds by using a rational drug discovery ap- 
proach is considered. Moreover, the dual inhibitors of RT are 
discussed. Finally, other NNRTIs that do not belong to the well- 
known scaffolds are described. 


2. Modification of Existing NNRTI Scaffolds 


This abpfaadh has also been known as the es -on- -based 
method. "él |t invol i d 


Although there has been much debate about its merits in 
comparison with the first-in-class drug discovery, it still has a 
prominent place in drug design." The follow-on-based drug 
design has also been used in the design of NNRTIs. Slight 


Ji j Molecular hybridization, biiaisastefle mere 
ment, and restriction of conformation are some examples of 
such modifications. Scaffolds designed using the analogue- 
based design approach are discussed in detail below. 


2.1. Diarylpyri(mi)dines, diarylanilines, and diarylpyridinones 


Among several structurally diverse categories of NNRTIs in me- 
dicinal chemistry, DAPYs have been identified as one of the 
most favored classes with promising activity against both wild- 
type and drug-resistant HIV-1 strains. In the last 15 years, re- 
markable efforts have been devoted to the structural modifica- 
tion and optimization of DAPYs, leading to effective com- 


Ll 


Usual modifications including changes in the central core 
ring (B ring), the left wing (A ring), and the right wing (C ring) 
have been made to diarylpyri(mi)dines to find new potent de- 
rivatives (Figure 2). Some new diarylpyridine,"” diarylaniline 
(DAAN),22 DAPY >>?" ang diarylpyridinone"? entities were 
synthesized by several research groups by using molecular hy- 
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Figure 2. Structure of diarylpyrimidines. 


bridization and structure-based drug-design methods, and 
their anti-HIV-1 activity were evaluated. 

The crystallographic studies of second-generation NNRTIs re- 
vealed that they have some common features that should be 
considered in the design of new NNRTIs (Figure 3).?? These 
features include forming hydrogen bonds with binding site 
residues, conformational flexibility, and capability of targeting 


highly conserved residues. 


everse trans ase (PL AEC) Hydrogen bonds between etravirine 
and binding- -site residues are indicated by yellow dashed lines. In addition, 
two cyanophenyl groups of the two wings are embedded into two adjacent 
hydrophobic grooves. 


tion, fosdevirine, which is a cyanovinyl-containing NNRTI, is no 
longer in clinical development because of seizures that some 
patients experienced in the phase llb clinical trial.?? It is as- 
sumed that the cyanovinyl group of fosdevirine and rilpivirine 
could participate in the Michael addition with nucleic acids 
and proteins, for example, cysteine of glutathione, a reaction 
that is the reason for the cytotoxicity of these compounds. 
Therefore, replacement of the cyanovinyl group with appropri- 
ate moieties would be a rational approach to obtain less toxic 
NNRTIs. 

Based on this concept and to combat with drug-resistant 
HIV-1 strains, a series of DAPYs were designed and synthesized 
by Liu and co-workers in 2018 by incorporating different al- 
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kenes and alkanes into the left wing (A ring).?? This task was 
achieved by using a structure-based drug-design strategy. 
Almost all the synthesized compounds displayed anti-HIV-1 ac- 
tivity against wild-type strains at single- to double-digit nano- 
molar EC; values. 


and nevirapine (Figure 4). Most of the obtained compounds 


showed 
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Figure 4. Structures of compounds 1-3. SI— selectivity index; WT = wild- 
type. 


pared with etravirine. The molecular docking study of com- 
pound 3, the most effective compound against HIV-1 | — 


ra | ? Moreover, 
compound 2 was the most active compound against the 
single- and double-resistant virus strains K103N, E138K, and 
K103N+Y181C (RESO56) at EC;, values of 10 nm, 22 nm, and 
0.935 uM, respectively. 

To increase the z-z stacking interactions between the left 
wing of DAPYs and the hydrophobic residues such as Y181, 
Y188, and W229, another series of NNRTIs were prepared by 


Chen and co-workers.” o 


OCTET Most of the Seared teen were 


found to be active against the wild-type HIV-1 strain at EC; 
values ranging from 34 to 1 nw. In particular, compounds 4-6 
exhibited significant anti-HIV-1 activity at EC; values higher 
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than those of the reference drugs nevirapine and etravirine 
(Figure 5). In addition, compound 4 was the most potent com- 
pound against drug-resistant HIV-1 strains at EC, values similar 


to those of etravirine. The molecular docking study of the 
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Figure 5. Structures of compounds 4-7. SI = selectivity index; WT = wild- 
type. 


With the aim of further investigating the left wing, DAPY 7 
with the naphthyl group in the left wing was synthesized to in- 
crease the m-z stacking interactions with the amino acid resi- 
dues Y188, W229, and Y181 within the binding pocket of RT 
(Figure 5).79 It showed good inhibitory activity against the 
wild-type HIV-1 strain and moderate activity against the drug- 
mutant strain RESO56. 

With the aim of improving the conformational flexibility, a 
series of DAPYs were prepared by Gu and co-workers by modi- 
fication of the central pyrimidine ring and the left wing."'? The 
in vitro anti-HIV-1 test results suggested that some of DAPYs 
exhibited good activity against wild-type strains alongside low 
cytotoxicity. Compounds 8 and 9 exhibited the best efficacy 
against the wild-type and mutant E138K HIV-1 strains at nano- 
molar and micromolar EC, values, respectively (Figure 6). 

The crystallographic studies of HIV-1 RT/NNRTI complexes re- 
vealed that the NNIBP is composed of two tolerant solvent-ac- 
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Figure 6. Structures of diarylpyrimidines 8 and 9. SI = selectivity index; 
WT — wild-type. 


cessible regions that should be taken into consideration in de- 
signing new broad-spectrum NNRTIs. They are region | (the 
P236 hairpin loop) and region II (the entrance channel), which 
are nearby relatively rigid residues such as K101, K103, E138, 
and V179 (Figure 7). Many research groups have used these 
two regions to obtain potent and highly selective DAPY deriva- 
tives against the wild-type and common mutant HIV-1 strains. 


hydrophobic interactions 


tolerant region I 


To form a stronger hydrogen bond with K101 of RT, another 
series of diarylpyridines were prepared by incorporating a nitro 
and an amino group at the 2-position of the pyridine ring. ?? 
Several of the prepared compounds were found to be more 
inen than adi Gë at t sub micromolar concentrations: The 


ine ring a ntroducing & [ amir or other nitrogen 
containing group into the same ring. These structural modifica- 
tions were supported by the findings of molecular docking 
studies and previous SAR studies of DAPYs As the most 


Using molecular hybridization, Liu et al. 
series of diarylnicotinamide compounds with moderate to very 


prepared a new 
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ECs =0.04 uM (WT); 81-3963; ` EC49-0.002 uM (WT); SI213740; 
ECgo>167.7 uM (K103N*Y181C) EC5o=0.33 uM (K103N+Y181C) 


good antiviral potency?" Among them, compounds 12 and 
13 displayed promising activity against the wild-type HIV-1 
strain at EC, values higher than those of four clinically used 
drugs nevirapine, didanosine, lamivudine, and delavirdine. 
Compound 13 exhibited higher potency against the drug- 
mutant HIV-1 strain RESO56 than delavirdine and nevirapine 
(Figure 9). 
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Figure 9. Structures of diarylnicotinamides 12 and 13. SI = selectivity index; 
WT — wild-type. 


Most of the DAPY derivatives have similar properties, and 
binding moieties include a central pyrimidine ring, the right 
wing that is connected to the central ring by an NH linker and 
the left aryl wing. Another group of NNRTIs with excellent anti- 
HIV-1 activity are indolylarylsulfone (IAS) derivatives. Like 
DAPYs, this scaffold has a three-point pharmacophore. It also 
has an additional 2-carboxamide group that can fit into an 
open channel in the NNIBP called entrancing channel. There- 
fore, addition of the fourth pharmacophore element to the 
three-pharmacophore elements of DAPYs would be a rational 
hypothesis to obtain better NNRTIs. 

According to these analyses and to target the entrance 
channel of the NNIBP, compound 17 was prepared using lead 
compounds 14-16 (Figure 10). This was accomplished by pre- 
serving the pharmacophore elements of the FDA-approved 
etravirine and appending the 4-substituted phenyl group as 
the fourth pharmacophore element. Compound 17 exhibited 
significant activity against the wild-type HIV-1 strain as well as 
moderate potency against the double-mutant strain RESO56. 

As an extension of these investigations, another series of 6- 
substituted diarylpyridine derivatives were prepared using mo- 
lecular hybridization and bioisosteric replacement in the same 
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Figure 10. Design of compound 17 using the molecular hybridization ap- 
proach. SI = selectivity index; WT = wild-type. 


laboratory." "9? Among them, compounds 18-23 showed excel- 
lent effectiveness against the wild-type HIV-1 strain and were 
better than the reference drug nevirapine (Figure 11). More- 
over, diarypyridines 21-23 inhibited replication in common 
single- and double-mutant HIV-1 strains in MT-4 cells at micro- 
molar concentrations. 

In another study using compound 20 and etravirine as lead 
compounds, DAPY derivatives 24-27 were obtained as the 
most potent compounds against the wild-type and mutant 
strains of HIV-1 (Figure 12). These compounds were designed 
using the molecular hybridization approach. In this approach, 
the cyanovinyl moiety was introduced into the left wing of the 
DAPY scaffold to increase the hydrophobic interactions with 
the hydrophobic region of the NNIBP. In addition, various sub- 
stituents with different electronic and steric effects were intro- 
duced at C6 of the pyrimidine ring. 


Most recently, Liu and co-workers used compound 12 as a 
potent NNRTI to design and synthesize a new series of diarylni- 
cotinamide compounds with good potency, particularly against 
drug-resistant HIV-1 strains (Figure 13).2” For this purpose, a 
1,2,3-triazole moiety was used as a linker in the structure to in- 
vestigate the entrance channel of the NNIBP in the RT structure 
(tolerant region Il). 

The anti-HIV-1 activity of the prepared compounds indicated 
that most of these compounds demonstrated significant po- 
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Figure 11. Structures of diarylpyridines 18-23. SI — selectivity index; 
WT = wild-type. 


tency against the wild-type HIV-1 strain as well as some 
mutant strains. Three compounds 28, 29, and 30 were the 
most active entities among the obtained compounds with a 
similar EC value of 0.02 uM against the wild-type HIV-1 strain, 
much better than the reference drugs nevirapine and delavir- 
dine. In addition, 28 and 29 were superior to nevirapine and 
delavirdine against the most mutant strains and similar to etra- 
virine against E138K, but have lower cytotoxicity. 


at the )-p51 interface ne» e NNIBP t separate froi 

it?3 To use this new binding site to obtain better NNRTIs, Liu 
and co-workers designed and synthesized a number of DAPY 
derivatives to target both the NNIBP and the NNRTI adjacent 
binding site.” This was accomplished by introducing various 
linkers with different lengths and sizes as well as different elec- 
tronic features at C5 of the pyrimidine ring (Figure 14). Inter- 
estingly, all the obtained congeners were found to be active 
against the wild-type HIV-1 strain at EC; values ranging from 


24 to 216.5 nm. Among them, compounds 31 and 32 were 
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Figure 12. Design of diarylpyrimidines 24-27 using the lead compound 20 and 
etravirine. SI — selectivity index; WT — wild-type. 


totoxicity. In addition, compounds 31-33 showed higher po- 
tency than etravirine against all-evaluated single-mutant 
strains. However, they were less potent that etravirine against 
double-mutant strains. Moreover, the molecular docking study 
of compound 33 as one of the most potent compounds in the 
HIV-1 RT inhibition assay revealed that the morpholine ring 
could bind to the NNRTI adjacent binding site through the thi- 
oacetamide linker. 

According to the previous SAR studies of diarylpyridina- 
mines (DAPAs) and DAANs, the para-cyanophenyl moiety (C 
ring), the central ring (B ring) with a 3-amino group, and the 
NH linker between these two moieties are essential pharmaco- 
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Figure 13. Design of compounds 28-30 using the lead compound 12. SI —- 
selectivity index; WT — wild-type. 


phores of DAPAs and DAANs as HIV-1 NNRTIs (Figure 15). Pre- 
‘compound 34 was synthesized by modification of Y and R, 


substituents located on the phenoxy ring (A ring). This com- 


Further modifications of the central B ring and substituents 
on the left wing (A ring) aimed at overcoming the E138K drug- 
resistant variant resulted in the synthesis of 35-37 with a 
good equilibrium between anti-HIV-1 potency and drug-like 
properties (Figure 16).! The presence of a carbonyl group in 
R, substituent conjugated with the B ring was essential for 
being potent against the E138K strain. Although replacement 
of methyl groups (Y in the A ring) with methoxy or bromine 
was tolerable, the efficacy of these compounds was decreased. 
It was due to the steric hindrance of methoxy, which altered 
the favorable conformation of the A ring. In addition, bulky R, 
groups were not tolerated in this class of compounds. 

In 2013, a series of piperidine-linked pyridine analogues 
were obtained that exhibited excellent nanomolar activity 
against the wild-type HIV-1 strain and moderate micromolar 
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EC5972.6 nM (WT); SI=10045; 
EC5o=6.0 nM (E138K); 

EC50=1.4 nM (K103N); 
ECs9=11.6 nM (Y181C); 
EC597345.2 nM (K103N+Y181C) 


Figure 14. Structures of compounds 31-33. SI — selectivity index; WT — wild- 
type. 


Diarylanilines X= CH 
Diarylpyridinamines X= N 


Figure 15. Structures of diarylpyridinamines and diarylanilines. R,: H, aliphat- 
ic substituents with carbonyl and other functional groups; R;: non-bulky ali- 
phatic groups, CN, vinyl cyano; Y: small aliphatic substituents (usually 
methyl), H, and halogens. 


activity against the K103N+Y181C mutant strain of HIV-1.799 
Interestingly, compound 38 with an EC; value of 10 nM 
showed lower cytotoxicity and higher selectivity than the refer- 


ence drug etravirine. Compound 39 with an ECs; value of 
owed good ant activity better than the four 


For further investigation of the chemical structure of the 
pyridine core ring as well as the solvent accessible tolerant 
region |, 2,6-disubstituted 3-fluoropyridine derivatives 40 and 
41 were prepared (Figure 18). They proved to be active against 
wild-type and mutant HIV-1 strains at EC; values close to or 
slightly higher than those of the reference NNRTI dapivirine."?9 
Based on the molecular docking studies and antiviral assays of 
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EC59=3.25 nM (WT); SI=6462; EC,9=1.59 nM (WT); Sl=24025; 
EC5,-3.9 nM (K101E); EC55-6.16 nM (NL4-3); 
EC.9=6.93 nM (E138K) EC59=11.7 nM (E138K) 
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EC59«0.122 nM (WT); SI=82787; ECso72.10 nM (WT); SI24952; 
ECs59=5.19 nM (NL4-3); EC59=5.58 nM (NL4-3); 
ECs59>9.98 nM (E138K) ECs59=12.5 nM (E138K) 


Figure 16. Structures of diarylpyridinamine 34 and diarylanilines 35-37. 
SI — selectivity index; WT = wild-type. 
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ECs9=10 nM (WT); SI=14126; ECs9=5.1 nM (WT); SI-2692; 
EC59=32 nM (K103N+Y181C) ECs9=5.9 nM (K103N+Y181C) 


Figure 17. Structures of pyridine derivatives 38 and 39. SI = selectivity index; 
WT — wild-type. 


these derivatives, the presence of a fluorine atom on the cen- 
tral pyridine ring is essential for the anti-HIV-1 activity against 
both wild-type and mutant strains. 


drug-resistant strains.® In addition, they had better pharmaco- 


kinetic properties than rilpivirine and efavirenz. Encouraged by 


A LI d Att Li V I 
ity and pha k D | They used the isoste- 
ric principle and structure-based and core refinement strat- 
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ECs9=1.5 nM (WT); SI=62500; EC. =1.5 nM (WT); SI=62500; 
EC50=8.1 nM (Y181C); EC50=25 nM (Y181C); 
ECs50=7.8 nM (K103N); EC59=36 nM (K103N); 
ECs59=540 nM (L100I+K103N); ECs9=272 nM (L1001, K103N); 
ECs9=7.8 nM (K103N+Y181C) ECs 9>1000 nM (K103N+Y181C) 


Figure 18. Structures of pyridine derivatives 40 and 41. SI — selectivity index; 
WT — wild-type. 
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Figure 19. Structures of pyrrolopyrimidine derivatives RDEA-427 and RDEA- 
640. 


egies of drug design to synthesize four series of bicyclic scaf- 
folds bearing bridgehead nitrogen, such as pyrazolo[1,5-alpyri- 
midine, [1,2,4]triazolo[1,5-a]pyrimidines, and imidazo[1,2-a]pyr- 
azine."^ 21s. 

Most of the obtained congeners demonstrated remarkable 
antiviral activity. Among them, compounds 42-45 were identi- 


ing from 0.32 to 0.02 um (Figure 20). Furthermore, in silico pre- 
diction of some physicochemical properties of the representa- 
tive compounds indicated that most of them comply well with 
Lipinski's rule of five and had similar or even better physico- 
chemical properties than etravirine. 

To further study the central B ring and to use tolerant region 
| in the designed molecules, another library of fused heterocy- 
cles bearing bridgehead nitrogen was prepared and evaluated 
against HIV-1.?'? All the synthesized compounds showed good 
potency compared with the reference drugs nevirapine, efavir- 
enz, and etravirine. Compound 46 could inhibit wild-type HIV- 
1 replication at an ECs, value of 8.1 nw (Figure 21). It was also 
more effective against wild-type HIV-1 RT than nevirapine. 


double-mutant strain RESO56. 

Further investigation of the central core ring and the right 
wing to use tolerant regions | and Il to obtain potent and 
highly selective DAPY derivatives against the common HIV-1 
mutant strains was performed by Liu and co-workers. For this 
purpose, a number of piperidine-linked thiophene [3,2-d]pyri- 
midine derivatives were prepared using the molecular hybridi- 
zation approach.?'? Most of the obtained compounds showed 
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EC59=0.02 uM (WT); SI=8986; 
ECs9=7.6 uM (K103N*Y181C) 


44 45 
EC4,-0.32 uM (WT); SI=224; ECs =0.26 uM (WT); SI-126; 
ECs5»73 uM (K103N+Y181C) EC50>33 uM (K103N+Y181C) 


Figure 20. Structures of compounds 42-45. SI = selectivity index; WT = wild- 
type. 
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ECs9=8.1 nM (WT); SI=2548; 
EC59=13 uM (K103N+Y181C) 


Figure 21. Structure of compound 46. SI = selectivity index; WT = wild-type. 


excellent activity against the wild-type HIV-1 strain at an EC 
value of less than 5 nw, similar to that of the reference NNRTI 
etravirine. Compounds 47a-g were more potent than etravir- 
ine against the mutant strain E138K, a significant virus mutant 
conferring resistance to the new-generation drug rilpivirine 
(Figure 22). Particularly, 47a was more potent than etravirine 
against the wild- pe strain as well as all-tested mutant sl 


Considering the obtained results, particularly the antiviral ef- 


SA of the most i poterit SE —— 


variant strain RESO56 in comparison with etravirine. Thus, with 
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and Trp229 
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TMC-125 / 42 46 


It can form hydrophobic intractions with the 
residues in the entrance channel (region II) 


To 
ON 


zN 
S 
R= 4-SO2NH> (47a) 
R= 3-S02NH; (47b) 
R= 4-NHSO.Me (47c) 
R-4-SO2NHMe (47d) 
R= 4-CONH; (47e) 
R= 3-CONH; (47f) 


R= 4-SO2NHCOMe (47g) 


Figure 22. Design of compounds 47 a-g using the molecular hybridization 
strategy. 


the aim of improving their potency against SAS, resistant 
strains K103N and RESO56, a few series Bt 47aar ues were 


The SAR analysis of the synthesized Ger eme 
that all modifications of the piperidylamine moiety led to the 
decrease in potency. In contrast, replacing the cyano group in 
the left wing by the vinyl cyano group increased their potency 
against the wild-type HIV-1 strain in MT-4 cells. In particular, 
compound 48 displayed excellent activity against the double- 
mutant strains F227L+V106A and RESO56 at EC.) values of 
2.70 and 5.50 nw, respectively, better than all the reference 
drugs nevirapine, efavirenz, etravirine, and zidovudine 
(Figure 23). Furthermore, compound 48 had acceptable bio- 
availability as well as desired in vivo pharmacokinetic proper- 
ties in rats, which makes it a good drug candidate for HIV-1 in- 
fection treatment. 

To further explore tolerant region I, additional modifications 
were made by introducing sulfonamide and amide substitu- 
ents into the right wing.?'? In vitro results indicated that com- 
pounds 49a and 49 b were as potent as zidovudine and 3-fold 
weaker than etravirine against the wild-type HIV-1 strain 
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Figure 23. Structures of compounds 48, 49a, and 49 b. 


(Figure 23). According to the SAR analysis of the prepared 
compounds, replacing the sulfone group in 49a and 49b with 
a carbonyl group significantly decreased antiviral activity 
(Table 1). 

Motivated by these results, most recently Liu and co-workers 
prepared another library of thiophene[3,2-d]pyrimidine and 
pyrrolo[3,2-d]pyrimidine derivatives to obtain better NNRTIs.P? 
They used 47a as a lead compound and modified it by using 
the structure-based drug-design strategy. The structural modifi- 
cation of 47a focused on the left and right wings as well as 
the central ring. Among the synthesized compounds, two de- 
rivatives 50 and 51 were found to be the most potent entities 
against the wild-type HIV-1 strain and some mutant strains 
(Figure 24). Compound 50 effectively inhibited the replication 
of the wild-type HIV-1 strain at an EC, value of 3.55 nM, better 
than nevirapine and similar to etravirine. It also demonstrated 
good potency against the mutant HIV-1 strains K103N and 
E138K. However, it was less potent against other mutant HIV-1 
strains tested. 

Surprisingly, compound 51 was identified as the most prom- 
ising compound against the wild-type strain (EC; = 2.44 nm) 
and all-tested single-mutant strains of HIV-1 as well as the 
double-mutant strain F227L--V106A (Gaz 17.8 nm), which 
was superior to etravirine. The in silico study of 51 revealed 
that 1) it fitted to the NNIBP with typical horseshoe-like confor- 
mation, 2) the left wing interacted with hydrophobic Y181 and 
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EC50=3.55 nM (WT); SI=62500; ECs9=2.44 nM (WT); SI=62500; 
EC59-8.81 nM (E138K); EC5973.95 nM (E138K); 
ECs9=5.98 nM (K103N); ECs9=1.03 nM (K103N); 
EC59=229 nM (F227L, V106A); ECs9=4.80 nM (Y181C); 
EC59717.8 nM (L1001, K103N); 
ECs9=85 nM (K103N+Y181C) 


Figure 24. Design of compounds 50 and 51 by structural modification of 
the lead compound 47a. SI — selectivity index; WT = wild-type. 


Y188 residues, 3) the NH linker and the N, atom of the pyrro- 
lo[3,2-d]pyrimidine ring made two hydrogen bonds with the 
K101 backbone, 4) the sulfamide group of the right wing well 
embedded between K104 and V106 and established two hy- 
drogen bonds with their backbones, which were assumed as 
the key feature for being active against mutant HIV-1 strains. 

By overlapping the crystal structures of etravirine and 52, 
they had similar binding modes in the NNIBP of RT. Using this 
information to further investigate tolerant region |, a number 
of DAPY derivatives bearing a uracil moiety were obtained and 
their anti-HIV-1 activity were evaluated.? Among them, com- 
pound 53 exhibited the best activity against the wild-type HIV- 
1 strain as well as K103N and E138K mutant strains at double- 
digit nanomolar EC; values (Figure 25). 


Table 1. Antiviral activity and cytotoxicity of diarylpyrimidines 47 a-g, 48, 49a, and 49b. 


ECs, [nw] 
Y188L 


Compd 


IIIB L1001 K103N Y181C 


1.40.4 
241.1 
1.5+0.3 
1.5+0.4 
1.4+0.07 
2.5+0.3 


3.4+0.6 
28.4421 
13.6+4.7 
4542.4 
10.8 + 1.6 
50.0+19 


2.9 
<7.6 
1.9+0.5 
1540.2 
1.8+0.2 
10.33: 2.0 


32-04 
20.9: 8.5 
6.9+0.2 
4842.4 
5.3 +4.6 
49.5 +0.5 


3.00.1 
12.8 + 4.3 
8.22: 0.5 
6.8: 1.2 
8.63 1.1 
58.311 


47a 
47b 
47c 
47d 
47e 
47f 


E138K 


6.5 3- 1.0 
6.9+0.3 
6.6+0.8 
4.53.7 
13.8+0.7 


CCs, [um] SP 


F227L+V106A . RESO56 ROD™! 


30.612 
1900 
262+53 
32.4+5.9 
85.8 +54 
748768 
144.2 + 36 


> 227890 
> 227800 
68 266+ 71241 
4422 + 1546 
95 352+ 27689 
> 48760 


>159101 
> 96 006 
44221 
2789 
66 867 
>19216 
576 


2.9 > 227890 
> 227800 
> 68 266 
>4422 
> 95350 


> 48760 


47g 
48 

49a 

49b 


5.24 
1.224 
9.24 
7.14 


- 0.9 


-0.26 1.344 


-1.0 
t 0.5 


20.8+ 10 


410+ 350 
424 + 361 


-0.496 0.9584 


8.2 1.7 


103 +6 


+ 0.07 5.004 


28.8+ 10 


472 +323 


70425 


428 + 294 


13.6132 


3519 
675-91 


8.8: 2.6 


-0.111 5.45+0.197 4.74+0.160 


76+ 18 
451 


5.50 + 0.811 
>3519 
> 9280 


>3027 
> 2300 
> 3527 
> 9287 


> 3027 
2.30 + 0.468 


3.5274 


t 0.372 


9.2874 


t 6.187 


1882 
383 
1308 


[a] Selectivity index: CCsoj18/ECsoig- [b] ROD: HIV-2 strain. 
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Figure 25. Structures of compounds 52 and 53. SI — selectivity index; 
WT — wild-type. 


According to the SAR and structure-based drug-design strat- 
egies, the substituents on C3, C4, and C6 of the 2-pyridone 
ring are important for the anti-HIV-1 activity.?? By using these 
results and isosteric principle, pyridinone derivatives 54 and 55 
were prepared, which showed sub-micromolar IC;, values 
against HIV-1 RT (Figure 26).??? 


IC59=0.089 uM IC59=0.093 uM 


Figure 26. Structures of pyridinone derivatives 54 and 55. 


Rational hybridization and crystallographic overlay of two 
structurally distinct lead compounds TMC125 and R221239 
led to compound 56 as a potent anti-HIV-1 agent with an EC. 
value of 0.15 uM (Figure 27)?! 

The structural modification of DAPYs such as etravirine and 
rilpivirine with the goal of improving their bioavailability led to 
the discovery of piperidine-linked aminopyrimidine and DAAN 
derivatives with good activity against both wild-type and 
mutant HIV-1 strains.P? A new series of N-arylmethyl-substitut- 
ed piperidine-linked aniline derivatives were prepared using 
molecular hybridization as follows. 1) The predominant motif 
of aminopyrimidine derivatives, 4-cyano/methyl-2,6-dimethyl- 
phenoxy moiety, was chosen as the left wing to accommodate 
the hydrophobic cleft of the NNIBP. 2) The benzene ring substi- 
tuted with a nitro, amine, or amide group was used as the 
core ring to interact with receptor via hydrogen bonds. 3) To 
establish more hydrogen bonds with amino acids in the NNIBP, 
the N-arylmethyl-substituted piperidine moiety was used as 
the right wing. This moiety was previously reported to be ca- 
pable of forming hydrogen bonds with K103 via a water 
bridge. These strategies led to 57 as the most potent entity of 
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IC59=0.15 uM; SI=166 


Figure 27. Design of compound 56 using the molecular hybridization ap- 
proach. 


the prepared compounds against the wild-type HIV-1 strain at 
an EC, value of 2.2 nM, which was better than the reference 
drug delavirdine. In addition, 58 exhibited moderate antiviral 
activity against the most common  double-mutant strain 
RES056 at an EC., value of 4.8 uM (Figure 28). 

The molecular docking simulation demonstrated that the ni- 
trogen atom of the piperidine moiety could establish a hydro- 
gen bond with the backbone of K103 bridged by a water mol- 
ecule, which was consistent with the initial idea of designing 
this series of inhibitors. 


2.2. Arylazolylthioacetanilides 


Arylazolylthioacetanilides (AATAs) are a class of NNRTIs that ex- 
hibit excellent activity against the wild-type HIV-1 strain and 
the most common mutant strains of HIV-1. Thus, this class of 
compounds is currently regarded as one of the most promis- 
ing families among the NNRTI scaffolds. P” Two representative 
1,2,4-triazolythioacetanilide derivatives VRX-480733 and partic- 
ularly RDEA-806 (the latter in phase II clinical trials, 2008) have 
shown an excellent anti-HIV-1 profile (Figure 29). They have 
been chosen as lead compounds for further modifications to 
design new NNRTISs. 

In 2007, Barreca et al. obtained compound 59 as a potent 
NNRTI.° In a subsequent study, they prepared a library of thi- 
oacetanilide derivatives using the molecular hybridization of 
the lead compounds 59 and RDEA-806.?" These new thioace- 
tanilide derivatives were synthesized by preserving the benzi- 
midazole moiety as well as the 3,5-dimethylphenyl substituent 
of compound 59 in their structures. 

Among this series, 60 and 61 were found to be the most 
potent thioacetanilides against the wild-type HIV-1 strain at 
EC; values of 0.06 and 0.04 um, respectively. Moreover, none 
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Figure 28. Design of compounds 57 and 58 using the molecular hybridiza- 
tion approach. SI — selectivity index; WT — wild-type. 
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Figure 29. Structures of lead compounds VRX-480773 and RDEA-806. 


of them were active against the double-mutant strain RES056 
(Figure 30). 

To further establish the SAR of these derivatives, a number 
of benzimidazole thioacetanilide derivatives have been synthe- 
sized and their biological activity was investigated against the 
WT, single-mutant, and double-mutant strains of HIV-1.99 The 
most effective compounds of this series were 62a and 62b, 
which inhibit HIV-1 RT at ICs; values of 0.047 and 0.05 uM, re- 
spectively (Figure 31). Compound 62b was also effective 
against the drug-resistant strain F227L-- V106A at an EC. 
value higher than that of the reference drug nevirapine. 

In 2013, a series of 1,2,4-triazolythioacetanilide derivatives 
were synthesized using general principles of bioisosterism.P?! 
Evaluation of their anti-HIV-1 potency confirmed 63 as the 
most potent compound with an EC, value of 4.26 uM against 
the wild-type HIV-1 strain (Figure 32). 

Another series of the pyrimidinylthioacetanilides were pre- 
pared and evaluated as potent NNRTIs to acquire some more 
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Figure 30. Design of compounds 60 and 61 using the rational hybridization 
of lead compounds 59 and RDEA-806. SI — selectivity index; WT — wild-type. 


R-SO;Me (62a) R= SO;NH; (62b) 

ECso- 0.028 uM (WT); SI= 385 ECs 9= 0.024 uM (WT); SI- 1289 
ECs= 0.06 uM (E138K); 
ECao- 1.58uM (E138K) 


Figure 31. Structures of compounds 62a and 62 b. SI = selectivity index; 
WT = wild-type. 


SAR information about this anti-HIV-1 scaffold (Figure 32)."?! In 
this SAR study, modifications of the central heterocyclic ring 
and the phenyl ring substituents located on the acetanilide 
were of concern. Among the prepared compounds, 64 with a 
good activity against the wild-type HIV-1 strain (EC;; — 0.15 um) 
was identified as a promising compound. Moreover, 65 exhibit- 
ed moderate activity against the double-mutant HIV-1 strain 
RES056 (EC; = 3.9 uM). 

From all the previous data it was deduced that the nitrogen 
atom position in the central heterocyclic core have a substan- 
tial effect on the binding affinity and thus on the antiviral ac- 
tivity of this class of compounds. In addition, there is plenty of 
evidence that the central heterocycle type has a significant 
role in the final geometry of the inhibitors in the NNIBPP?^? 
Based on these results, further research on the central hetero- 
cyclic core was performed using the structure-based drug 
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Figure 32. Structures of compounds 63-65. SI — selectivity index; WT — wild- 
type. 


design and bioisosteric replacement. The cyclopropylnaphtha- 
lene moiety of RDEA-806 was preserved, and several substitu- 
ents were introduced into the phenyl ring of acetanilide.” 
Among the prepared analogues, 66a and 66b were found to 
be more potent than others against the wild-type HIV-1 strain 
(Table 2). 


Table 2. Antiviral activities of 66a, 66b, 67a, and 67 b. 


ECso [um] SI? 
Wild-type (IIIB) 


Compd CCs, [uM] 


RESO56 IB 


EAR 

7 0.66 

> 18.98 
22.24 + 11.06 


[a] Selectivity index: CC5o/ECso. 


In a subsequent study, the naphthyl or 4-cyclopropyl motif 
of the lead AATA was preserved and the central heterocyclic 
ring was replaced by purine and various substituents that 
were introduced into the phenyl group of acetanilide. These 
changes resulted in 67a and 67b analogues, which exhibited 
anti-WT HIV-1 activity at EC; values of 0.78 and 1.86 um, re- 
spectively (Figure 33). Compound 67a inhibited the RT 
enzyme at an IC; value of 8.78 um. Compound 67 b showed 
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Figure 33. Structures of compounds 66a, 66 b, 67 a, and 67 b. 
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moderate activity against the double-mutant HIV-1 strain 


RES056 (EC, — 22.24 um). 


2.3. Alkenyldiarylmethanes 


As depicted by 68, alkenyldiarylmethanes (ADAMS) consist of 
two aromatic rings and an alkyl side chain joined with an 
alkane carbon. The main drawback of the primary ADAMs such 
as 68 was the presence of methyl esters in the structure, 
which were affected by general esterases in the plasma and 
produced the corresponding inactive carboxylic acids. Some 
research groups designed and optimized these types of 
NNRTIs by replacing the methyl carboxylate with its stable bio- 
isosteres."? Extensive chemical modifications were done by 
Cushman and co-workers, who incorporated N-methoxyimidoyl 
halides as bioisosteres of methyl esters into the ADAM struc- 
ture.“ ADAM: 69a, 70, and 71 demonstrated high activity 
against both HIV-1 (RF) in CEM-SS cells and HIV-1 (IIIB) in MT-4 
cells at ECs) values in the sub-micromolar range (Figure 34). 
Moreover, compounds 69a and 69b were active against the 
common mutant HIV-1 strain K103N at EC, values of 0.55 and 
0.78 uM, respectively. 


2.4. Diaryl ethers 


Diaryl ethers as one of the second-generation NNRTIs with 
high activity against the wild-type and mutant strains of HIV-1 
have attracted remarkable attention over the past several 
years. There are many potent NNRTIs belonging to this class, 
such as 72, the most potent compound against the wild-type 
HIV-1 strain reported to date, and doravirine, which was ap- 
proved by the FDA in August 2018 (Figure 35). 

Most recently, to improve the solubility and chemical stabili- 
ty of this class, a number of diaryl ethers have been prepared. 
A phenacyl moiety has been introduced instead of the unsta- 
ble amide motif in the common substructure of diaryl 
ethers."9 Almost all synthesized compounds had good water 
solubility. In particular, 73 was the most potent compound in 
the RT enzyme assay against the wild-type HIV-1 strain at an 
ICs value of 0.32 uM (Figure 35). 


2.5. Dihydroalkoxybenzyloxopyrimidine family 


Dihydroalkoxybenzyloxopyrimidines (DABOs) are a specific 
group of NNRTIs first reported in 1992. Three main analogues 
of DABOs have been found and studied by extensive modifica- 
tion of these scaffolds, namely, dihydroalkyloxybenzyloxopyri- 
midines, dihydroalkylthiobenzyloxopyrimidines (S-DABOs), and 
dihydroalkylaminodifluorobenzyloxopyrimidines (N-DABOs)."*7 
Because of low cytotoxicity and high activity, S-DABOs have 
been studied and modified more than other analogues. Based 
on these studies, a CN substituent on the methylene bridge 
between the phenyl and pyrimidinone rings could participate 
in z— stacking interactions. This substitution could also lead 
to conformation restriction and as a result increased potency 
against both wild-type and mutant strains of HIV-1. The molec- 
ular hybridization of lead compounds 74 and 75 led to the dis- 
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EC5970.35 uM (WT); SI=76; ECsọ=0.74 uM (WT); SI=27; 
EC50=4.03 uM (K103N) ECs0=7.78 uM (K103N) 


Ó 
EC59-0.54 uM (WT 


EC595720.49 uM (WT); SI=60; ); SI-109; 


Figure 34. Design of compounds 69a, 69 b, 70, and 71 using the bioisoster- 
ism approach. SI — selectivity index; WT — wild-type. 
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Figure 35. Structures of diary ethers, doravirine, 72, and 73. 


covery of a series of new S-DABOs with good inhibitory activity 
against the wild-type HIV-1 strain."? Compound 76 had excel- 
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76 
Ett) DÉI uM (WT); SI-548; 
EC59»50.1 uM (K103N+Y181C) 


Figure 36. Design of compound 76 using the molecular hybridization strat- 
egy. SI — selectivity index; WT — wild-type. 


lent activity against the wild-type HIV-1 strain at an EC; value 
similar to that of nevirapine and delavirdine (Figure 36). 

Additional modifications were made to S-DABOs on the 
basis of the previous SAR and molecular modeling findings, 
which indicated that the C2 side chain and C6 of the pyrimi- 
dine ring had a significant role in their anti-HIV-1 activity." A 
number of S-DABOs bearing arylcarbonylmethylthio and phe- 
nylamino-carbonylmethylthio analogues at C2 and an adaman- 
tylmethyl group at C6 were synthesized. Their anti-HIV-1 activi- 
ty results exhibited that most of them had moderate activity 
against the wild-type HIV-1 strain. In particular, compounds 
77 and 78 were more potent than the reference drug nevira- 
pine (Figure 37). Moreover, molecular modeling of 78 con- 
firmed that the C,-admantylmethyl motif is encompassed by 
hydrophobic residues such as Y181, Y188, F227, and W229 as 
expected from the previous SAR data. 


b^ 


EC59-0.1 uM (WT); SI=172; 

IC50=3.37 uM (WT); 

ECso»17.19 uM (K103N+Y181C) 
o 


ore 
H2NO;S S 
78 


ECs9=0.12 uM (WT); SI=102; 
ECeg>12.25 uM (K103N+Y181C) 


Figure 37. Structures of compounds 77 and 78. SI — selectivity index; 
WT = wild-type. 
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Figure 38. Structures of the lead compound MC-1220 and compounds 79 
and 80. SI — selectivity index; WT — wild-type. 


Further modifications of the lead compound MC-1220 re- 
sulted in the identification of 79 and 80 with high potency 
against the wild-type HIV-1 strain (Figure 38).^?! 

Good activity profile and high selectivity indices are the es- 
sential factors for an anti-HIV-1 agent to be used as a topical 
microbicide. Therefore, to obtain a potent NNRTI formulated as 
a microbicide gel, a new series of N-DABOs were synthe- 
sized.?" Biological evaluation of the prepared compounds 
showed that most of them exhibited excellent activity against 
the wild-type HIV-1 strain at nanomolar EC values. Particularly, 
the N-DABO derivative 81 displayed marked antiviral potency 
(EC; = 3.3 nm). It inhibited wild-type HIV-1 replication at an 
EC; value similar to that of the reference drug dapivirine, but 
a selectivity index 5-fold higher when it was under study in 
the clinical trial as a microbicide gel. Moreover, compound 81 
potently inhibited NNRTI-resistant HIV-1 strains containing 
V90I, L100I, E138K, K101E, K103N, V106A, and Y181C at ECs 
values ranging from 8.7 to 102 nm (Figure 39). 


CN O 
HN l 
Ay 
ori 
HN N NH F F 
LI MeO 
ZN 
Dapivirine 81 
ECs =3.3 nM (WT); SI=88.8; 
Erol? nM (E138K); 
EC59-31 nM (KO1E); 


ECso=102 nM (K103N); 
ECeo=80 nM (Y181C) 


Figure 39. Structures of dapivirine and dihydroalkylaminodifluorobenzyloxo- 
pyrimidine 81. SI — selectivity index; WT — wild-type. 


2.6. IASs and other indole-based NNRTIs 


5-Chloro-3-(benzenesulfonyl)indole-2-carboxamide (L-737,126; 
82) was reported in 1993 by Merck & Co. to inhibit wild-type 
HIV-1 replication at an ECs, value of 1 nm. Since then, this 
chemical scaffold has been recognized as a promising one in 
the design of NNRTIs and attracted considerable attention 
from researchers.P?! 

Previous SAR and in silico studies of IASs revealed that 1) in- 
troduction of two methyl groups into the 5'- and 7’-positions 
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of the 3-phenylsulfonyl motif resulted in more potent IASs 
against the mutant strains of HIV-1;5" 2) introduction of a di- 
verse group of substituents into the 2-carboxamide moiety, 
such as Mannich bases, amino acids, and hydroxy ethyl group, 
led to potent NNRTIs;?? 3) IASs with an additional aromatic 
motif by one carbon or two carbon atoms apart from the ni- 
trogen group of the 2-carboxamide moiety resulted in NNRTIs 
with a broad spectrum of activity against drug-resistant HIV-1 
strains. P? 

Based on the SAR analysis mentioned above and to obtain 
more potent NNRTIs, a series of IASs were synthesized by intro- 
ducing phenyl or phenylethyl groups bearing different sub- 
stituents into the nitrogen moiety of 2-carboxamide.P" Their 
antiviral activity against the wild-type HIV-1 (NL4-3) strain 
showed that most of them were more potent than the refer- 
ence drug nevirapine. In particular, compound 83 showed high 
activity at a sub-nanomolar EC.) value (Figure 40). Although 
the enantiomers of 83 exhibited equal activity against the 
wild-type HIV-1 strain, the (R)-83 isomer was significantly more 
potent against the whole panel of drug-resistant HIV-1 strains. 


SO» SO, 
no $ NH» el HN 
N O 
N È à 
L-737,126 (82) 83 
EC5970.6 nM (WT); SI»205903; 
ECs9=102 nM (K103N) 
SO, 
N [9] 
H 
(R)-83 


ECa572.1 nM (WT); 
EC50=4.3 nM (K103N); 

ECs p=86 nM (Y181C); 
EC50=193 nM (Y188L); 
ECa5-1670 nM (K103N+Y181C) 


Figure 40. Structures of the lead compound L-737,126 (82) and indolylaryl- 
sulfones 83 and (R)-83. SI — selectivity index; WT — wild-type. 


To find a better IAS derivative against mutant HIV-1 strains, 
further modifications were focused on the groups with differ- 
ent substituents at the indole-2-carboxamide nitrogen. Using 
this drug-design strategy, a number of IASs were prepared and 
examined as potential anti-HIV-1 agents.P? As expected, most 
agents were active against the wild-type HIV-1 (NL4-3) strain in 
MT-4 cells at sub-nanomolar EC values, much better than the 
reference drugs nevirapine and efavirenz. The evaluation of 
these agents against the most frequently emerging HIV-1 
mutant in efavirenz-treated patients, the K103N strain, exhibit- 
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ed that three of them—84, 85, and 86—displayed EC, values 
of 0.23, 0.22, and 0.2 nm, respectively (Figure 41). Moreover, 
compound 86 inhibited the mutant strain Y181C in MT-4 cells 
at an EC, value of 0.8 nm. The pure enantiomers of 87 exhibit- 
ed an equivalent activity against the wild-type HIV-1 (NL4-3) 


N 
em $0» — SO; —N 
N Oo N el 
H aa H 85 
EC50=0.23 nM (WT); SI=89643; ECs =0.22 nM (WT); SI»249786; 
ECs9=0.23 nM (K103N); EC5570.22 nM (K103N); 


ECs9=16 nM (Y1810C); EC5572.20 nM (Y181C); 
ECs9>20618 nM (K103N+Y181C) ECsg=132 nM (K103N+Y181C) 


86 
EC55-0.2 nM (WT); SI»282218; 
ECso=0.2 nM (K103N); 
EC50=0.8 nM (Y181C); 
ECs5-971 nM (K103N*Y181C) 


CI atm Cl HN 
\ N 

i.” Se 

87 (R)-87 


ECs50=0.2 nM (WT); ECs9=0.2 nM (WT); 


ECso=9.4 nM (K103N); EC50=0.2 nM (K103N); 
ECso=87 nM (Y181C); ECs9=2.1 nM (Y181C): 
ECso21111nM (K103N+Y181C) ECs9=26 nM (K103N*Y181C) 


Figure 41. Structures of indolylarylsulfones 84-87 and (R)-87. SI — selectivity 
index; WT — wild-type. 


strain. However, the (R)-87 isomer exhibited better activity 
against the all-tested mutant HIV-1 strains (Figure 40). The mo- 
lecular docking of (R)-87 and (S)-87 into the RT of the K103 
mutant strain demonstrated that there was a gap created by 
the K103N mutation, and that the methyl group of (R)-87 was 
oriented into this gap, but the methyl group of (5)-87 was ori- 
ented into the solvent-exposed region, far from this gap. 

The anti-HIV activity of NNRTIs is significantly affected by 
their stereochemistry and the asymmetric geometry of the 
NNIBP. As described for 83 and 87, there are many examples 
of two enantiomers with different activity, particularly against 
mutant strains of HIV-1.P? 

Most recently, Famiglini etal. designed, synthesized, and 
evaluated the inhibitory activity of new derivatives of IASs 
against HIV-1 with the goal of investigating the SAR of chiral 
groups at the indole-2-carboxamide nitrogen.* Moreover, the 
neuron-damaging side effects of the prepared compounds was 
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evaluated. Almost all the synthesized compounds exhibited 
anti-WT HIV-1 activity in MT-4 cells at sub-nanomolar EC; 
values. The R enantiomer of 88 was more potent than the cor- 
responding S enantiomer (Figure 42). Conversely, the S enan- 


Q  ,—AR 
S0; SO; NH 
Cl HN F Cl HN 
CH ; 
N N 
gr 9 7 9 
88 AR-—( ) 89 
AR- [<N 90 


Figure 42. Structures of compounds 88-91. 


tiomers of 89-91 were superior in potency to their R counter- 
parts (Table 3). The SAR analysis revealed that the potency of 
the prepared compound correlated with the length of the 
linker between the indole-2-carboxamide nitrogen and the aro- 
matic ring as well as with the configuration of the chiral 
center. Furthermore, the neuroprotective effect of 89 was eval- 
uated by administering 100 um glutamate as a neurotoxic chal- 
lenge to hippocampal neurons. The results indicated that com- 
pared with efavirenz, compound 89 could protect the neurons 
from excitotoxicity. 


Table 3. Anti-HIV-1 activity of 89-91 and their enantiomers. 


Compd EC [nM] 


Wild-type ` K103N Y181C Y188L K103N + Y181C 


0.7 103 +6 969 + 680 
0.7 0.7 165421 2586 + 2743 
103+8 680-432 251551 251551 
1.9+0.6 219 819+315 8384215 
11444 181+ 38 223104 7123 +2324 
v 0.7 666 + 38 857 +723 
.6 0.6 760+95 798 +456 
E76 171457 573841748 > 24543 
6 0.6 380+ 128 7793:532 
1.91 27+3.9 2432+972 4513 +2115 
311123. 933-369 230195 230195 
0.6 3,54 3.9 700 + 175 1886+715 


3959 + 1253 


The molecular modeling and crystallographic data revealed 
that the side chain at the 2-position of the IASs embedded in 
the entrance channel of the NNIBP.?" To further investigate 
this solvent-exposed region and obtain better NNRTIs, a 
number of IASs were prepared by introducing the substituted 
piperidine moiety at the nitrogen of the indole-2-carboxamide 
scaffold.© The anti-HIV-1 activity of the obtained IASs dis- 
played moderate to excellent EC values against the wild-type 
HIV-1 strain in MT-4 cells. Compounds 92 and 93 were the best 
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anti-HIV-1 compounds with EC; values of 6 and 9 nw, respec- 
tively (Figure 43). Moreover, compound 92 demonstrated good 
activity against the single-mutant strains as well as the double- 
mutant strain F227L 4- V106A at a low micromolar EC value. 
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ant E ese RR 
N N 
N N 
N [9] N O 


92 93 
EC59-0.006 uM (WT); ECs =0.009 uM (WT); 
EC5970.084 uM (K103N); EC54570.18 uM (K103N); 
EC5970.13 uM (Y181C); EC55-0.2 uM (Y181C); 
EC5970.017 uM (L1001); EC5970.049 uM (L1001); 
EC5970.22 uM (F22L*V106A) EC,,=0.27 uM (F22L+V106A) 


Figure 43. Structures of indolylarylsulfones 92 and 93. WT — wild-type. 


Trifluoromethylated indoles were reported as one of the 
indole-based NNRTI scaffolds.) In 2014, Zhou and co-workers 
used compound 94 as the lead compound and modified it by 
altering the OH moiety to an amine group to further discuss 
the SAR of indole-based NNRTIs (Figure 44). 5? 


EC 


HO OEt 
N 


ON 


F3C. F3C. 
HN 
" 2 HN OEt 
N N 
N Br N 
95 (R)-95 96 
EC5970.060 uM (WT); ECz920.047 uM (WT); ECso=0.045 uM (WT); 
S1»1825.8 SI-1922.9 SI-1095.4 


Figure 44. Design of indolylarylsulfones 95 and 96 using the lead compound 
94. SI = selectivity index; WT = wild-type. 


Among the prepared compounds, 95 and 96 exhibited ex- 
cellent anti-WT HIV-1 activity in TZM-bl cells at EC; values of 
0.06 and 0.045 um, respectively (Figure 44). According to the 
SAR analysis of the synthesized compounds, different substitu- 
ents on the aromatic ring led to different antiviral activities 
and generally the electron-withdrawing groups increased the 
potency. The (R)-95 enantiomer exhibited better antiviral activi- 
ty than the corresponding S enantiomer. The molecular dock- 
ing of (R)-95 into the allosteric site of HIV-1 RT revealed that it 
had a binding mode similar to that of indolylarylsulfone in the 
protein complex structure, and it could form a hydrogen bond 
with the carbonyl oxygen of the K101 mutant via the indole 
NH group. 
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In the same year, Jiang et al. designed a library of putative 
trifluoromethyl indoles as new NNRTIs and filtered them ac- 
cording to their carcinogenic toxicity, acute toxicity predictions, 
and Lipinski's rule of five.©"! In addition, molecular docking 
studies were used to validate the chosen compounds. Finally, a 
number of designed compounds were synthesized and evalu- 
ated against the wild-type HIV-1 strain and drug-resistant 
strain Y181C. 

Among the obtained compounds, 97a and 97 b were found 
to be the most potent trifluoromethylated indoles against the 
wild-type HIV-1 stain at EC; values of 0.003 and 0.022 um, re- 
spectively (Figure 45). Compound 97a showed moderate po- 
tency against the mutant HIV-1 strain Y181C. 


F4C 
a HO 
S—NH Rt 
N o 
H o 
R=Br (97a) R-CI (97b) 


EC59-0.003 uM (WT); SI=7051.8 EC59=0.022 uM (WT); SI=2672.6 
EC5971.932 uM (Y181C) ECs =6.252 uM (Y181C) 


Figure 45. Structures of compounds 97 a and 97 b. SI — selectivity index; 
WT = wild-type. 


With the aim of finding better NNRTIs against the wild-type 
HIV-1 strain and especially the common mutant strains of HIV- 
1, Pelly and co-workers used compound 98 as the lead com- 
pound and modified it by means of molecular modeling meth- 
ods in two was P" 1) Replacing the ethyl moiety of the ester 
group located at the 2-position of the indole ring by longer 
polar groups. It was not in favor of potency, and it was de- 
duced that the ethyl group should be preserved. 2) Replacing 
the cyclopropyl and aryl moieties attached at the 3-position of 
the indole ring by other groups. Although the cyclopropyl and 
phenyl moieties are essential for antiviral activity (particularly 
the phenyl group, which establishes zt— stacking interactions 
with the phenyl ring of Y181), the cyclopropyl group could be 
replaced by the methyl-ether moiety, which may increase or 
does not change the potency. 

Based on these findings, 99 was obtained as the potent in- 
hibitor of wild-type HIV-1 RT (Figure 46). Further modification 
was made to the phenyl ring attached to the C atom in the 3- 


4. E, o? 
CI CI CI 
N N 
H OEt H OEt N OEt 
98 99 100 


IC50=0.085 uM (WT) ` 1C55-0.02 uM (WT) ` Wett D3 uM (WT) 


Figure 46. Structures of the lead compound 98 and indolylarylsulfones 99 
and 100. WT — wild-type. 
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position of the indole ring to obtain more potent NNRTIs 
against mutant strains. Thus, the phenyl ring was replaced by 
a 3,5-dimethylpheyl ring. Compound 100 exhibited the best in- 
hibitory activity against the wild-type HIV-1 strain at an EC. 
value of 0.03 uM (Figure 46). In addition, 100 was superior to 
99 against all-tested mutant HIV-1 strains. Interestingly, 100 
demonstrated better activity than nevirapine against the most 
common mutant K103N whereas 99 was inactive against this 
mutant. 

Recently, Alexandre and co-workers reported a detailed pro- 
cedure of identifying aryl-phospho-indole (IDX899) as a highly 
potent NNRTI against the most prevalent mutant strains K103N 
and Y181C and the double-mutant strain RES056.*9 The struc- 
tural modification of the lead compound 101 resulted in the 
following facts about SARs: Most of the mono-substituted 
phenyl-phosphino indoles were highly active against the wild- 
type HIV-1 strain. To be active against mutant strains, long lipo- 
philic substituents were needed to be incorporated into the 
structure. 3,5-Disubstituted phenyl analogues were more 
potent against double-mutant strains than 3,4-disubstituted 
phenyl analogues. Because of the m-n stacking interaction of 
the substituted phenyl with the electron-rich phenyl ring of 
Y188, electron-withdrawing substituents were favored for po- 
tency. Based on the described SAR, compound 102 with the 
best overall profile against the wild-type and mutant strains 
was obtained via modifications. An enantiomeric separation of 
compound 102 led to (R)-102 (IDX899), which was more 
active against K103N and double-mutant strains, more than 
30- and 4-fold, respectively, than efavirenz. Interestingly, the S 
enantiomer was inactive (Figure 47). 
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Figure 47. Design of indolylarylsulfones 102 and (R)-102 (IDX899) based on 
the structure-activity relationship analysis of the lead compound 101. 
WT — wild-type. 
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In addition, (R)-102 exhibited good bioavailability in mon- 
keys as well as better metabolic stability in humans than in 
rats and dogs. Because of the excellent in vitro and in vivo re- 
sults of this compound, it was chosen as a clinical candidate, 
but further investigations were suspended because of the re- 
ports of seizures that some patients experienced in phase ll 
clinical trials. 

In 2016, Kumari and Singh reported a series of NNRTIs with 
the isoindolinedione scaffold bearing sulfonamide, amide, thio- 
amide, and imine linkers between the benzene moiety and dif- 
ferent substituents (Figure 48).57 
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N 
CFs ch N Ó N NH 
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so NH Br 
H (0) NH; 
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O 
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O 


Delavirdine HN 


d 
LOD, 


X= N, NH 

Y= S02, CH, CO, CS 

R= CH:-, CF;-, CgHs-, P-Cl-CgH,- 
P-MeO-C&gH;-, P-NO2-C6H4 


Figure 48. Design of non-nucleoside reverse transcriptase inhibitors (NNRTIs) 
with the isoindolinedione scaffold using reference NNRTIs. 


According to the SAR analysis, the linker had an important 
role in the antiviral activity and compounds bearing sulfona- 
mide linkers were more potent than the other analogues. 
Compounds with amide linkers were also potent but more cy- 
totoxic than sulfonamide derivatives. Generally, the potency of 
the prepared compounds changed as follows on the basis of 
the type of the linker: sulfonamide » amide > thioamide > 
imine. Thus, among the prepared compounds, sulfonamide de- 
rivatives 103-105 showed the best anti-WT HIV-1 activity 
(Figure 49). In addition, the nature of the R group affected the 
potency. For example, a phenyl ring as the R moiety, substitut- 
ed with groups capable of making hydrogen bonds with the 
receptor, provided more potency (compound 105). 

The molecular docking simulation of the synthesized com- 
pounds revealed that compounds with sulfonamide linkers 
could establish hydrogen bonds with the K103 backbone via 
their carbonyl oxygen. Amide linker-containing derivatives 
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Figure 49. Structures of isoindolinedione-based non-nucleoside reverse tran- 
scriptase inhibitors 103-105. SI = selectivity index; WT = wild-type. 


were able to make this type of hydrogen bonds better than 
thioamides according to molecular docking studies. Because of 
the lack of carbonyl groups, imine derivatives could not form 
hydrogen bonds with the K103 backbone; instead, they mainly 
interacted with the neighbor amino acid residues via m-n 
stacking. 


2.7. N2,N,-Disubstituted 1,1,3-trioxo-2H,4H-pyrrolo[1,2-6] 
[1,2,4,6]thiatriazine derivatives 


2,4-Disubstituted 1,1,3-trioxo-2H,4H-thieno[3,4-e][1,2,4]thiadia- 
zine derivatives were first reported as potent NNRTIs in 
1998.59 The structural modification of this class using 106-108 
as lead compounds led to the formation of pyrazolo[4,5-e] 
[2,1,3]thiadiazines and 7-methylpyrazolo[4,5-e][1,2,4]thiadia- 
zines with low potency against HIV-1 (Figure 50).5? Further 
modification of this class of NNRTIs using the bioisosterism ap- 
proach resulted in N,,N,-disubstituted 1,1,3-trioxo-2H,4H-pyrro- 
lo[1,2-b][1,2,4,6]thiatriazine derivatives (PTTDs) with high micro- 
molar EC; values against the wild-type HIV-1 strain.” 

The SAR analysis of PTTDs revealed that the introduction of 
halogens at the meta-position of the N;-benzyl ring usually in- 
creased the anti-HIV-1 potency. Moreover, introduction of a 
cyano group into the N,-benzyl ring regardless of its position 
on the phenyl ring led to marked antiviral potency. Based on 
these SAR principles, 109-111 exhibited the best anti-HIV-1 ac- 
tivity among the prepared compounds with EC., values of 5.1, 
6.5, and 5.6 uM, respectively (Figure 50). 


2.8. 2-Pyrimidinylphenylamine derivatives 


This class of NNRTIs was first discovered by Jorgensen et al. 
using fragment-based de novo drug design." According to 
the molecular modeling of lead compound 112 in the wild- 
type NNIBP of RT, the pyrimidinylamine moiety forms two hy- 
drogen bonds with the backbone of K101. Moreover, the hy- 
drophobic phenoxy moiety interacted with Y181, W188, F227, 
and W229 via m-n stacking. In addition, there was still extra 
space around the hydrophobic phenoxy group that can be 
embedded by larger moieties to make more hydrophobic in- 
teractions. Therefore, guided by ligand-receptor analysis, a 
series of 3-benzyloxy-linked pyrimidinylphenylamine deriva- 
tives were synthesized and evaluated against the wild-type 
strain and double-mutant strain RESO56 (K103N+Y181C) of 
HIV-1. Most of the prepared compounds were active against 
the wild-type HIV-1 strain at EC; values ranging from 0.05 to 
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Figure 50. Design of PTTDs 109-111 using lead compounds 106-108. 
PTD = 7-methylpyrazolo[4,5-e][1,2,4]thiadiazine; PTDD = pyrazolo[4,5-e] 
[2,1,3]thiadiazine; PTTD = pyrazolo[4,5-e][2,1,3]thiadiazine; SI = selectivity 
index; WT — wild-type. 


35 um. Among them, 113 was more potent than the reference 
drug nevirapine and the lead compound 112 with a higher se- 
lectivity index (Figure 51). 

Moreover, the molecular docking simulation of 113 exhibited 
that the 3-benzyloxy group was embedded deeper into the hy- 
drophobic pocket than in 112. 


2.9. Quinoxalinone-based NNRTIs 


With the aim of obtaining more potent NNRTIs, structural 
modification of lead compounds 114 and 115 was made by 


hydrophobic interactions 


R= 3-F 


(113) 
EC55-0.07 uM (WT); SI>48740; 
EC59»347 uM (K103N+Y181C) 


x 112 


H-bond interactions 


Figure 51. Design of pyrimidinylphenylamine 113 using the lead compound 
112. SI — selectivity index; WT — wild-type. 
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Zhou etal., which led to the discovery of new 6-chloro-3- 
methyl-3,4-dihydroquinoxalin-2(1H)-ones bearing a 2,5-disub- 
stituted thiophen-3-ylsulfonyl moiety with moderate to good 
antiviral activity"? Although almost half of the prepared com- 
pounds were inactive against the wild-type HIV-1 (pNL4-3) 
strain, 116a and 116b were the most potent compounds with 
IC; values of 0.07 and 0.075 um, respectively (Figure 52). 


X 
` S S 
LI ne : Z 9s 
O 


O=S=0 0-$-0 O-$-0 O 
SCO, ACL 
NO N ^O N ^O 
H H H 
114 115 X-CI (116a) 
IC59=0.07 uM 
X=I (116b) 
IC59=0.075 uM 


Figure 52. Design of compounds 116a, and 116b by modification of lead 
compounds 114 and 115. 


2.10. 2,4,5-Trisubstituted thiazole derivatives 


In 2014, Xu etal. reported a series of NNRTIs with the thiazole 
scaffold"? These compounds were designed using the lead 
compound 117 (Figure 53) and modified as follows: 1) different 
substituents were introduced at 2-, 4-, and 5-positions of the 
thiazole ring and 2) various linkers were used between the 
phenyl ring and the thiazole ring at the 2-position. 


$ 
| dai 
(2 


MeO 117 


Figure 53. Structure of the lead compound 117. 


A brief SAR analysis of the prepared compounds revealed 
some important points. A compound with the 4-methoxyphen- 
yl moiety connected by a two-atom linker to the 2-position of 
the thiazole ring was the most potent inhibitor. Furthermore, 
the phenyl ring was preferred for the 4-position of the thiazole 
ring. Finally, 2-chlorophenyl, 2,4-diflourophenyl, and 2-flouro- 
phenyl were optimal choices for the 5-position of the thiazole 
ring. 

Of the 38 synthesized compounds, 30 of them exhibited in- 
hibitory activity against the wild-type HIV-1 strain at sub-micro- 
molar concentrations. Compounds 118a-c showed the best 
antiviral activity at IC;; values of 0.046, 0.062, and 0.064 uM, re- 
spectively, which were similar to the reference drug nevirapine 
(Figure 54). Furthermore, 118a-c demonstrated high levels of 
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SS 
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IC59=0.046 uM (WT); 


Figure 54. Structures of 2,4,5-trisubstituted thiazole derivatives 118 a-c. 
WT = wild-type. 


inhibition against the replication of the most common drug-re- 
sistant HIV-1 strains. 

Inspired by these prompting findings, further optimization 
of 2,4,5-trisubstituted thiazole derivatives (TSTs) were done by 
the same group by using 3D-OSAR contour maps of the active 
compounds 118a-c."? These contour maps indicated that in- 
creasing the volume of the side chain at the 2-position of the 
thiazole ring may increase the activity of TSTs. 

Based on this analysis, compound 119 was designed and 
synthesized, which showed better activity against HIV-1 RT. 
This molecule was chosen as a lead compound to be modified 
to the optimized compounds. Preserving the 2,3-dihydroben- 
zofuran-5-yl-methylamino substituent at the 2-position of the 
thiazole ring and changing the substituents on 4- and 5-posi- 
tions of the thiazole ring resulted in a number of TSTs with 
better anti-HIV-1 activity. Particularly, compounds 120a, 120b, 
121a, and 121b exhibited marked inhibitory activity against 
the wild-type HIV-1 strain in an enzyme-based assay at IC; 
values much lower than those of nevirapine (Figure 55). 

Six of the synthesized TSTs were tested against the nine re- 
sistant HIV-1 strains and 122 exhibited good activity against 
seven of them at sub-micromolar IC;, values (Figure 56). 


2.11. Uracil-based NNRTIs 


Several series of potent uracil-based NNRTIs have been report- 
ed by Seley-Radtke and co-workers."?! For further investigation 
for the structure of this class of NNRTIs, two new series of 3- 
benzyloxy-linked acetamide-containing uracil derivatives—A 
and B series—were prepared by the same group by using the 
molecular hybridization of the benzophenone derivative 123 
and previous uracil-based NNRTIs 124 and 125 (Figure 56).9 
Although the A series of the synthesized compounds showed 
no activity against wild-type HIV-1 RT, the B series demonstrat- 
ed remarkable anti-HIV-1 potency in MT-4 cells. The molecular 
docking studies of the A series predicted a hydrogen bond be- 
tween the C,-carbonyl group of uracil and the NH group of 
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Figure 55. Structures of the lead compound 119 and 2,4,5-trisubstituted 
thiazole derivatives 120a, 120b, 121a, and 121b. 


122 


IC50=0.0447 uM (WT); 
ICs970.29 uM (K103N); 
IC50=0.13 uM (Y181C); 
IC50=0.87 uM (K103N/L1001); 
IC50=0.45 uM (K103N/LY181C) 


Figure 56. Structure of compound 122. WT — wild-type. 


the W229 side chain. This hydrogen bond forced the lone pairs 
of oxygen to interact unfavorably with the "system of W229, 
which could more likely be the reason for their antiviral inactiv- 
ity. However, 126 was the most potent compound of the B 
series with an EC.) value of 1.71 uM (Figure 57). 


2.12. Dual inhibitors of HIV-1 RT 


In addition to the RNA-dependent DNA polymerase (RDDP), 
there is another important catalytic site in the RT enzyme, 
called ribonuclease H (RNase H), which catalyzes the cleavage 
of RNA from DNA in an RNA/DNA strand. Although there is no 
approved RNaseH inhibitor (RNase HI), some heterogeneous 
scaffolds have been reported to bind to the catalytic region ca- 
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Figure 57. Design of compound 126 using the molecular hybridization strat- 
egy. SI — selectivity index; WT — wild-type. 


pable of chelating the Mg?* ion inside this site H Based on 
the crystallographic data, there are some classes of RNase Hls 
such as vinylogous derivative 127, naphthyridinone derivative 
128, and hydrazone derivative 129 that do not chelate the 
Mg?* ion (Figure 58)."9 They apply their inhibitory activity 
through binding to a region between the NNRTI binding 
pocket (NNRTIBP) and the polymerase catalytic site, 50 À far 
from the RNase H catalytic site. Interestingly, some derivatives 
of 129, with bulky groups in the para-position of the benzoyl 
moiety, showed inhibitory activity against both RT-associated 
polymerase and RNase H functions." 

It is clear that compounds that could inhibit both functions 
of RT have more benefits than NNRTIs, for instance, better 
drug-resistance profile, decreased drug-drug interactions, and 
fewer toxic side effects. Compound 130 was previously synthe- 
sized by Distinto etal, which showed inhibitory activity 
against both functions of HIV-1 RT? In continuation of their 
work, they prepared a number of 1,3-diarylpropenones as dual 
inhibitors of HIV-1 RT! Compound 130 as a hit compound 
was modified using the bioisosterism approach. Indole-2-one 
and the hydrazine moieties were changed to 1-methoxy-naph- 
thalene ring and vinyl groups, respectively. In addition, the 
thiazole motif was replaced by its bioisosteric carbonyl group. 
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Figure 58. Structures of ribonuclease H inhibitors 127-129. 


Regarding the structural features of the reported dual 
inhibitors, these compounds may apply their inhibitory effect 
via binding into either a single pocket or two various 
pockets./9^*" |t was assumed that 1,3-diarylpropenone deriva- 
tives inhibit polymerase as well as RNase H activity of RT by 
binding into the NNRTIBP and allosteric site close to the 
RNase H catalytic site. Both molecular modeling and biochemi- 
cal studies supported these mechanisms of action. Some pre- 
pared compounds displayed significant activity against the 
wild-type and mutated RT enzymes, and the most potent com- 
pound was 131 with a low micromolar ICs, value (Figure 59). 


HO 
OH 
Q =R 
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t] 
De =O 
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H 130 R= 4-Ph (131) 
RNase H 
IC59=6 uM (WT) 


ICgg>100 uM (Y181C) 

IC50=59 uM (K103N) 
RDDP 

IC50=4 uM (WT) 

ICso-8uM (Y181C) 

IC50=3 uM (K103N) 


Figure 59. Design of the dual inhibitor 131 using the hit compound 130. 
WT — wild-type. 


With the goal of further investigating the mechanism of 
action of compound 130 and obtaining better dual inhibitors 
of HIV-1 RT, a series of 130 derivatives were synthesized by 
changing the 4-phenylthiazole substituents.” Among the pre- 
pared compounds, 132 demonstrated promising inhibitory ac- 
tivity against both RT-associated RNase H and RDDP functions 
(Figure 60). 

Interestingly, compound 132 inhibited the HIV-1 RT-associat- 
ed activity against mutant strains Y181C and K103N at IC. 
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Figure 60. Design of the dual inhibitor 132 using the hit compound 130. 
RNase H — ribonuclease H; WT — wild-type. 


values similar to the wild-type HIV-1 strain. According to bio- 
chemical studies and molecular modeling data, compound 132 
could not chelate the Mg?* ion. Moreover, its inhibitory activity 
was not suppressed by the mutations in the NNIBP. It was con- 
cluded that its mechanism of action might be similar to that of 
hydrazone derivatives such as 130, which apply their inhibitory 
activity through binding to the RNase H allosteric site close to 
the NNRTIBP.78! 

In continuation of structural modification of 130 as a hit 
compound, two more series of 2-indolinone derivatives were 
prepared most recently and their inhibitory activity were deter- 
mined.*? Most of the obtained compounds showed inhibitory 
activity against both RT-associated enzyme functions at micro- 
molar concentrations. Among them, compounds 133 and 134 
were found to be the most potent derivatives of these two 
series (Figure 61). The blind docking of 133 and 134 on wild- 
type-HIV-1 RT resulted in the identification of two desirable 
binding regions that could be responsible for the dual inhibito- 
ry activity of 133 and 134. One of those regions is placed at 
the RNase H domain close to the RNase H catalytic site, and 
the other one is placed nearby the polymerase active site and 
encompasses all NNRTIBPs. 


2.13. Other NNRTIs 


There are several new NNRTI scaffolds that have been discov- 
ered and investigated in recent years and show promising anti- 
viral activity at micromolar concentrations. Some of them are 
benzofluorenones, such as 135,9? and halolactones, such as 
136, with the isobenzofuran-1-one moiety, which were de- 
signed on the basis of the structure of the second-generation 
NNRTI efavirenz.” Some more examples are N-heteroaryl 
137," imidazole-5-one 138,*" 4-arylamino-quinoline-3-carbon- 
itrile 139," and phenyl hydrazone 140 (Figure 62).*? 

Because most NNRTIs contain at least one heterocycle in 
their structures, to introduce more heterocycles in one mole- 
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Figure 61. Design of dual inhibitors 133 and 134 by modification of the hit 
compound 130. WT — wild-type. 
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Figure 62. Structures of non-nucleoside reverse transcriptase inhibitors 135- 
140. RT — reverse transcriptase; SI— selectivity index; WT = wild-type. 


cule of NNRTIs, Arafa and co-workers prepared a number of 
pyrazolo[4,3-dlisoxzadoles as new NNRTIs.?? Evaluation of the 
anti-HIV-1 activity of the obtained compounds revealed that 
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most of the prepared entities were potent against the wild- 
type HIV-1 (IIIB) strain in MT-4 cells at EC, values higher than 
those of efavirenz. Compound 141 was the most effective 
compound against all types of HIV-1 strains tested (Figure 63). 


141 
ECso7 0.27 nM (WT) (IIIB); SI= 1444.44; 
ECso= 0.34 nM (WT) (RF); SI= 411.76; 
Joe 0.016 nM (WT) 


Figure 63. Structure of compound 141. SI — selectivity index; WT = wild-type. 


3. Conclusions 


Nowadays, cART is the most effective way of treating HIV-1 in- 
fection, and NNRTIs have always been a part of this regime. 
Recent improvements in the design and development of the 
most promising categories of HIV-1 NNRTIs are covered here. It 
might be deduced from this review that classical analogue- 
based drug-design methods such as the aforementioned 
follow-on-based approach and molecular hybridization still 
play important roles in the discovery of new NNRTIs. Certainly, 
advances in the crystallography of HIV-1 RT structures enclos- 
ing various NNRTI ligands and as a result molecular docking 
studies have significant importance in the design and modifi- 
cation of new RTIs. 

Doravirine is the newest NNRTI developed by Merck & Co. 
and approved by the FDA in August 2018. It showed signifi- 
cant activity against the wild-type and mutant strains of HIV-1. 
The most common side effects of doravirine are nausea, head- 
ache, fatigue, and diarrhea, which were observed in a small 
percentage of patients who received doravirine as a single- 
agent tablet or as cART with other NRTIs. Moreover, this drug 
is still in clinical trials for the evaluation of its anti-HIV-1 activity 
combined with other anti-HIV-1 agents. 

In spite of prominent progress in the discovery of NNRTIs 
and the fact that some of them have shown excellent antiviral 
activity in clinical trials for the rapid emergence of mutant HIV- 
1 strains, the continued development of drugs with a high bar- 
rier to resistance is particularly important. Therefore, future in- 
vestigations should focus on the amino acid residues such as 
K101, Y181, and E138 that are susceptible to mutation. In addi- 
tion, to minimize the side effects of NNRTIs, the pharmacody- 
namics and pharmacokinetics of new NNRTIs should be consid- 
ered. 

Furthermore, optimizing a lead compound through system- 
atic synthesis is resource- and time-consuming. Therefore, the 
use of computer-aided drug-design methods along with classi- 
cal drug discovery approaches such as analogue-based drug 
discovery would be beneficial. 
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